The use of biomarkers to predict who will develop schizophrenia (or other psychoses) is a key theme in current psychiatric research that has important implications for the development of early, or even prophylactic, treatment strategies. Here, we report that decreased levels of nervonic acid (NA), a monounsaturated omega-9 fatty acid important in the biosynthesis of myelin, correlate with prodromal symptoms, and predict conversion to psychosis in young people at high clinical risk for psychosis.
Neuronal membranes are largely made up of phospholipids. Arachidonic acid (AA, C20:4n-6), docosahexaenoic acid (DHA, C22:6n-3) and NA (C24:1n-9) are the most important fatty acids in the nervous system. In addition to its structural role in the central nervous system, AA is a precursor for the eicosanoids: prostaglandins, prostacyclins, thromboxanes and leukotrienes. These compounds have complex roles in the control of the immune and inflammatory responses, and also act as messengers in the central nervous system. 1 DHA is the most abundant polyunsaturated fatty acid in the brain, and the major component of excitable membranes, 2 whereas NA is the major constituent of the sphingolipids in myelin membranes. 3 There is evidence of abnormal levels of polyunsaturated fatty acids in individuals with schizophrenia. 4 Concordant with these findings, fatty acids, particularly the omega-3 fatty acids, may have a beneficial role in the treatment of schizophrenia, and have been shown to be effective in the prevention of psychotic disorders. 5 However, it is as yet unclear if specific fatty acids are associated with prodromal symptoms or if they predict conversion to psychosis in subjects with subthreshold psychotic manifestations.
We have recently shown that supplementation with long-chain omega-3 fatty acids reduces the risk of progression to psychotic disorder, and offers a safe and efficacious strategy for indicated prevention in individuals at ultra-high risk of developing a psychotic illness. 5 Extending this evidence, and following studies reporting decreased levels of DHA, NA and AA in people with schizophrenia as compared with healthy controls, 6 we first examined associations between these key fatty acids with psychopathology and functioning in putatively prodromal subjects.
The present study sample comprised 81 individuals at ultra-high risk of psychosis (according to criteria of Yung et al.
7
) (mean age = 16.4, s.d. = 2.1 years) who participated in a randomized controlled trial of omega-3 fatty acids vs placebo. 5 The primary outcome measure in this trial was transition to psychotic disorder, which was operationally defined using the Positive and Negative Syndrome Scale (PANSS) (that is, score of 4 on hallucinations, 4 on delusions or 5 on conceptual disorganization). These levels had to be sustained for at least 1 week. The exit criteria marked the threshold (linked to positive symptoms) at which treatment with antipsychotic medication is usually initiated. Secondary outcome measures included the PANSS (positive, negative and general subscales) and the Global Assessment of Functioning. Capillary gas chromatography was used to determine the fasting erythrocyte membrane fatty acid levels. Erythrocyte membrane phospholipid composition closely reflects that of neuronal membranes 6 and provides an easily accessible indicator of brain phospholipids. NA correlated negatively with negative symptoms (Pearson's correlations, r = À0.474, P < 0.0001) and general symptoms (r = À0.408, P < 0.0001), and positively with global functioning (r = 0.331, P = 0.003) (Figure 1) . No significant associations with symptom or functioning measures were observed for DHA and AA. Age, sex, cigarette smoking, cannabis use, the use of antidepressants and characteristics of the metabolic syndrome common in people with schizophrenia or other psychiatric conditions (that is, alterations in delta-5 and delta-6 desaturase activity) 8 can all influence fatty acid metabolism; adjustment for these factors did not alter the significance of the correlations between NA and any clinical measure.
Next, we tested if baseline levels of fatty acids predicted conversion to psychotic disorder over a 12-month period. Because the conversion rates differed significantly between the treatment groups in our treatment trial, 5 and to eliminate treatment effects, we only investigated those participants who received placebo. In accordance with the literature, 6 we expected to find significantly lower levels of DHA, AA and NA at baseline in individuals who subsequently converted to psychotic disorder. Of the 41 people who received placebo, 11 (27%) made a conversion to psychotic disorder (8 schizophrenia, paranoid type, 1 schizophreniform disorder, 1 schizoaffective disorder and 1 bipolar I disorder). Supplementary Table 1 shows the fatty acid composi-tion of erythrocyte membranes in ultra-high risk patients with and without transition to psychosis (Supplementary Results). Independent sample's t-tests indicated that NA was significantly lower in the subjects who developed a psychotic disorder (psychotic 0.09, s.d. = 0.04; nonpsychotic 0.14, s.d. = 0.08, t = 2.69, df = 35.5, P = 0.011) (Figure 2 ). The magnitude of this group difference was large (Cohen's d = 0.79). A multivariate survival analysis using Cox's regression to adjust for the potentially confounding factors described above confirmed NA as significant predictor of transition to psychosis. No significant group differences were observed for DHA (psychotic 1.44, s. Table 1 ; Supplementary Results). In the adjusted Cox regression model, however, this group difference was not significant.
There is strong evidence of white matter abnormality in schizophrenia. Ultra-high risk subjects who later develop psychosis have differences in white matter integrity in brain areas associated with schizophrenia, 9 compared with ultra-high risk subjects who do not develop psychosis and with healthy controls. The pathophysiology of schizophrenia may therefore involve a disturbance in myelin development and/or myelin maintenance, resulting in compromised connectivity between neurons and brain regions. 10 Fatty acids are essential for the myelinating activity of oligodendrocytes and for myelin maintenance. 11 As NA is a major constituent of the myelin sheath, decreased levels of NA could reflect suboptimal myelin status in those ultra-high risk individuals who develop a psychotic disorder. This should be further investigated in imaging studies. The present data also suggest that these affected myelin pathways may in particular contribute to the negative symptoms of schizophrenia. Finally, in light of previously observed negative associations between NA and obesity-related risk factors, 12 it is unlikely that the present alterations in NA were simply an epiphenomenon of the metabolic syndrome. The results of our study would have been more convincing if fatty acid data of healthy nonhelp-seeking matched controls had been included in our design. Comparison with healthy well-matched controls has the potential to demonstrate the extent of the reductions in key membrane fatty acid levels and to further elucidate abnormalities of lipid metabolism in ultra-high-risk patients.
Our previous observation that supplementation with omega-3 fatty acids may prevent transition to psychosis suggests that the effects of omega-3 fatty acids may offset the risk conferred by low levels of NA. The therapeutic effects of omega-3 fatty acids are complex and not fully understood. Their benefit may result from altered membrane fluidity and receptor responses following their incorporation into cell membranes as well as from interactions with neurotransmitter systems, the antioxidant defense system or the inflammatory system. 13 The efficacy of omega-3 supplementation in patients at ultra-high-risk of psychosis could also imply that the present study was underpowered to detect a significant group difference for DHA. The significant result for the sum of omega-3 fatty acids in the unadjusted analysis supports this view and underscores the importance of omega-3 fatty acids in the prodromal phase of psychosis.
